proposed a tripyrrylmethene structure for the red pigment extracted from Serratia marcescens. This structure was supported by Hubbard and Rimington (1950) because of the similarity in spectral properties between extracted pigment and a synthetic tripyrrylmethene compound. Recent investigations ) have demonstrated that pigment identical in spectral properties to that described by Hubbard and Rimington could be separated into four components. However, the pigment was still assumed to have a pyrrole nature , and Castro et al. (1957) have reported preliminary chemical investigations which support this assumption. In addition, Santer and Vogel (1956) demonstrated that a substance presumably containing a pyrrole ring was a precursor of the pigment.
Since it appears that the pigment contains pyrrole groups, one would expect that the latter substances would be synthesized by a pathway similar to that demonstrated for other forms of life. Shemin and co-workers (reviewed in Shemin, 1954 Shemin, -1955 have established that pyrroles are synthesized through the succinate-glycine cycle. Succinate, arising from the tricarboxylic acid cycle, condenses with glycine to form A-aminolevulinic acid, and two molecules of the latter combine to form a pyrrole. A similar mechanism has been established by investigators for the biosynthesis of pyrroles and porphyrins in microorganisms (Rimington, 1957) . Hubbard and Rimington (1950) have reported that glycine and acetate are utilized for the biosynthesis of pigment by S. marcescens in a manner similar to the utilization of the compounds for the synthesis of porphyrins in other organisms. This evidence suggests that a succinate-glycine cycle operates in the production of the pigment.
Implicit in the operation of the succinateglycine cycle is the tricarboxylic acid cycle. The latter has not been demonstrated in S. marcescens, although McLean et al. (1951) established that the organism fixed CO2 presumably in the tricarboxylic acid cycle as well as by other mechanisms. Moses (1957) pointed out that investigations directed toward an assessment of the tricarboxylic acid cycle in microorganisms can be divided into two types: (a) demonstration of the enzymes required for carrying out the reactions of the cycle; or (b) the utilization of isotopic tracer techniques to demonstrate the functioning of the cycle in the production of cellular compounds. The latter procedure provides evidence that the cycle actually operates within the cell, and has the additional advantage of offering a less tedious experimental approach. In this type of investigation compounds such as C02, acetate, or glucose, labeled with isotopic carbon, are supplied to growing cells, and after an incubation period the organisms are harvested and analyzed for the distribution of the radioactive carbon. Roberts et al. (1955) have elegantly demonstrated the use isotopes in outlining the biosynthetic pathways of Escherichia coli.
We have selected the isotopic method to demonstrate a functioning tricarboxylic acid cycle in S. marcescens. Since McLean et al. (1951) showed that the organism fixed a large amount of carbon dioxide when growing in a simple medium, we have chosen carbon-14 labeled carbon dioxide as the experimental isotope. Our investigations also extend those of McLean et al. (1951) , and explain some of the experimental points that were suggested in their studies.
TRICARBOXYLIC ACID CYCLE IN S. MARCESCENS monium sulfate, 0.01 per cent; magnesium sulfate, 0.05 per cent; dipotassium phosphate, 0.05 per cent; tris(hydroxymethyl)aminomethane, 0.5 per cent; made up in water double distilled from glass; and adjusted to pH 7.4. The medium was distributed in 300-ml amounts in 1-L Erlenmeyer flasks, and sterilized by autoclaving. Inoculation of the flasks was carried out using an 18-hr culture of the organisms grown in the above medium. The inoculum cells were harvested, washed three times in distilled water by centrifugation, and about 100 mg of wet cells inoculated into 300 ml of medium. All cultures were incubated at 27 C on a mechanical shaker operating at 120 strokes per min.
In order to retain radioactive CO2 within the flasks, they were closed with tight fitting rubber stoppers. Two glass vials were suspended inside the flask from the stopper. One vial served as the CO2 trap. A solution of radioactive NaHC1403 containing about 1 X 107 cpm of radioactive carbon was added to the second vial. At the beginning of the experiment C1402 was liberated from the solution by the addition of lactic acid.
In initial experiments oxygen was introduced into the flasks under slight positive pressure by means of a hypodermic needle inserted through the rubber stopper. This arrangement provided a highly aerobic atmosphere inside the flasks. However, under these conditions no intermediates of the tricarboxylic acid cycle could be isolated. Later experiments were carried out in which no exogenous oxygen was supplied, and the cells utilized only the air originally present in the flasks before stoppering. In this limited aerobic environment tricarboxylic acid cycle intermediates did accumulate, and could be isolated. Therefore subsequent experiments employed organisms grown in the limited aerobic atmosphere of flasks tightly closed with rubber stoppers.
After the cultures had incubated for 18 hr, 1.0 ml of N NaOH was injected into the filter paper of the CO2 trap. The flasks were placed in an ice bath, and trichloroacetic acid was injected into the medium to give a final concentration of 10 per cent. Then the cultures were placed in a refrigerator overnight to allow complete diffusion of CO2 into the trap. The following morning the cells were harvested, and washed three times with distilled water by centrifugation. The supernatant medium obtained after harvesting the cells was retained, and utilized for extraction of organic acids as outlined below.
Fractionation. The harvested cells were fractionated by modifications of the procedures of Katchman and Fetty (1955) , Schmidt and Thannhauser (1945), and Schneider (1945) . The method is illustrated by the flow diagram presented in figure 1. Usually about 1.0 g of washed cells was employed for fractionation.
Organic acids were recovered from the acid soluble fraction by concentrating the material to one-half its original volume in vacuo at 50 C. The concentrated material was adjusted to pH 1 with N H2S04, and then continuously extracted with ethyl ether for 48 hr to recover the organic acids. The ether extract was evaporated to dryness in preparation for chromatography.
The medium obtained after harvesting the cells was treated in the same manner as the acid soluble cell fraction in order to recover the organic acids. The ether extract was dried in vacuo, and for chromatography was combined with the same extract prepared from cells.
Amino acids were obtained from the protein residue by hydrolyzing the fraction in vacuo with 6 N HCl for 18 hr at 100 C. Following hydrolysis the material was evaporated to dryness, and then subjected to chromatography.
Chromatography. All chromatograms were prepared two dimensionally on Whatman no. 3MM paper. For analysis of the organic acids the solvent systems of Roberts et al. (1955) were employed. The first dimension was composed of methanol and water saturated ammonium carbonate (75:25), and the second, of sec-butanol, formic acid, and water (85:5:10). Unknown organic acids were located by comparing the Rf values obtained from known mixtures of organic acids to those spots appearing on chromatograms prepared from the organic acid fraction. A methyl green-ethanol spray was employed to identify the spots. To determine the radioactivity of isolated organic acids, radioautograms employing no-screen X-ray fihm were prepared from developed paper chromatograms.
The amino acids liberated from the protein residue by hydrolysis were identified by use of the solvent system of Slotta and Primosigh (1951) composed of n-butanol, acetic acid, and water (4:1:5) for the first dimension, and a system similar to those of Hardy et al. (1955) consisting of n-butanol, methanol, diethylamine, and water (10:10:2:5) for the second dimension. The unknown amino acids were identified by Measurement of radioactivity. Samples were comparing their Rf values with those of known counted on stainless steel planchets by means of a mixtures of amino acids developed in the same thin window Geiger-Mueller tube connected to a solvent systems. The amino acids were located scaler. The material contained in the CO2 trap by means of a ninhydrin-collidine spray. Again, was counted as BaCO3. Measured aliquots of radioautograms were prepared from representa-cellular fractions and the cell-free medium were tive paper chromatograms to determine which transferred to planchets, reduced to dryness by amino acids were radioactive.
heating (50 to 70 C), and then counted. No Figure 2 shows a diagram of a radioautogram prepared from a typical paper chromatogram of the ether extracts. It is evident that all the organic acids isolated were radioactive. Thus these tricarboxylic acid intermediates contain carbon-14 derived from C1402. Paper chromatography of the acid hydrolyzate of the protein fraction produced the pattern of amino acids shown in figure 3 . Eighteen amino acids were present in the hydrolyzate. However, not all of these amino acids were radioactive. A radioautogram prepared from the paper chromatogram of figure 3 established that only nine of the amino acids were radioactive. These were glutamic acid, arginine, citrulline, proline, aspartic acid, isoleucine, lysine, methionine, and threonine. Several unidentified spots of radioactivity also appeared on the radioautogram. Most of these substances did not correspond to any known amino acids. However, a faint spot above lysine could have been glycine. This amino acid was slightly labeled from fixed C1402 in the experiments carried out by Roberts et al. (1955) on the biosynthesis of amino acids in E. coli.
DISCUSSION
The incorporation of C'402 into cellular components (table 1) indicates the importance of carbon dioxide fixation for the synthesis of cell substances in S. marcescens. This fact has previously been suggested by McLean et al. (1951) .
WVith the exception of the high radioactivity in the ethanol soluble fraction and the lower activity of the protein residue, our data are similar to those reported by Roberts et al. (1955) for the incorporation of C'402 into cellular fractions of E. coli. The total radioactivity of our ethanol soluble fraction plus the protein residue is practically the same as that reported by Roberts et al. (1955) Of the various pathways available for cellular carboxylation reactions, the tricarboxylic acid cycle appears to be of primary importance. Butterworth et al. (1955) demonstrated that in Streptomyces griseus C02 was fixed primarily in the tricarboxylic acid cycle, and that the cycle played an important role in protein synthesis . Roberts et al. (1955) established that the amino acid constituents of protein that are labeled from fixed C1402 can be singled out from the other amino acid components, and that they belong to the aspartic and glutamic acid families. These amino acid families consist, respectively, of aspartic acid, lysine, methionine, threonine, and isoleucine; and glutamic acid, proline, citrulline, and arginine. Moses (1957) reported similar data. Thus the distribution in amino acids of isotopic carbon derived from C1402 can be utilized to establish the presence of an operating tricarboxylic acid cycle in microorganisms.
The radioautograms prepared from the organic and amino acid chromatograms establish that carbon-14 from C02 is found in tricarboxylic acid cycle intermediates, as well as irn only those amino acids of the aspartic and glutamic acid families. The latter distribution, therefore, is in perfect agreement with the findings of Roberts et al. (1955) and Moses (1957) , and offers evidence that the organisms possess a functioning tricarboxylic acid cycle.
Although no measurements were made of the specific activity of the radioactive amino acids, it is interesting to note that three of them appeared to contain the greatest amount of radioactivity. Two of the three, aspartic and glutamic acids, are precursors of the other amino acids associated with them, and one would expect that they, being synthesized first in a series of amino acids, would contain more of the isotope. The latter would be diluted as the biosynthetic chain was extended. The heavy labeling of arginine can be attributed to carboxylation of the amidine carbon directly from C1402 present in the medium (McLean and Purdie, 1952; Roberts et al., 1955) . However, it should be emphasized that the above statements are based upon the appearance of the radioautogram, and not upon quantitative measurements of specific activity.
Additional evidence that in S. marcescens the radioactive amino acids shown in figure 3 are derived from CO2 by way of the tricarboxylic acid cycle can be obtained from the investigations of McLean and her co-workers (McLean et al., 1951; Purdie, 1952, 1955) . These investigators established that the CO2 fixed by S. marcescens was utilized for protein formation, but that only certain amino acids in the protein were synthesized from the CO2. Our investigations show that these amino acids are those related to the tricarboxylic acid cycle. Of further interest is the fact that McLean and Purdie (1955) demonstrated that the addition to the medium of the amino acids arginine, citrulline, proline, lysine, and threonine, as well as aspartic and glutamic acids, depressed CO2 fixation by S. marcescens organisms grown in a simple defined medium, and that a-ketoglutaric, citric, fumaric, malic, and succinic acids had the same effect. Application of the principle of isotopic competition (Roberts et at., 1955) to these data and to our data concerning C'402 incorporation offers further proof that the tricarboxylic acid cycle operates in S. marcescens, and that amino acids are synthesized from the cycle. The principle states that an exogenous supply of a metabolite will specifically suppress the cellular incorporation of a related isotopic compound if the latter is involved as a precursor in the synthesis of the metabolite. Umbarger and Brown (1958) Hubbard and Rimington (1950) showed a similarity in the biosynthesis of the pigment and porphyrins, but did not demonstrate the operation of a succinate-glycine cycle in the synthesis.
SUMMARY
Cultures of Serratia marcescens growing in a simple defined medium fixed in the organisms about 43 per cent of added C1402. Carbon-14 was distributed throughout the cellular fractions, but was greatest in the ethanol soluble, nucleic acid, and protein components. Paper chromatography of the ether extracts from the acid soluble fraction of the cells and medium revealed the presence of citric, fumaric, malic, and succinic acids, all of which were radioactive. Acid hydrolysis followed by paper chromatography of the protein residue showed the presence of 18 amino acids. Only those amino acids arising from the tricarboxylic acid cycle by way of aspartic and glutamic acids were found to be labeled with carbon-14 derived from fixed C1402. The data reported were consonant with the existence of a functioning tricarboxylic acid cycle within the organism.
